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We determine upper limits on the dark matter (DM) self-annihilation cross section for scenarios in which annihilation leads to the production of electron-positron pairs. In the Galactic centre (GC), relativistic electrons and positrons produce a radio flux via synchroton emission, and a gamma ray flux via bremsstrahlung and inverse Compton scattering. On the basis of archival, interferometric and single-dish radio data, we have determined the radio spectrum of an elliptical region around the Galactic centre of extent 3
• semi-major axis (along the Galactic plane) and 1
• semi-minor axis and a second, rectangular region, also centered on the GC, of extent 1.6
• × 0.6
• . The radio spectra of both regions are non-thermal over the range of frequencies for which we have data: 74 MHz -10 GHz. We also consider gamma-ray data covering the same region from the EGRET instrument (about GeV) and from HESS (around TeV). We show how the combination of these data can be used to place robust constraints on DM annihilation scenarios, in a way which is relatively insensitive to assumptions about the magnetic field amplitude in this region. Our results are approximately an order of magnitude more constraining than existing Galactic centre radio and gamma ray limits. For a DM mass of mχ = 10 GeV, and an NFW profile, we find σAv ≤ few × 10 −25 cm 3 s −1 . 
I. INTRODUCTION
It is a remarkable fact that the identity of most of the matter in the Universe is unknown. An abundance of observational evidence allows us to infer the existence of dark matter [1] [2] [3] via its gravitational influence. However we have as yet no direct detection and very little information about its corpuscular properties. In this paper, we focus on one of the fundamental particle properties of dark matter: its self annihilation cross section.
If the dark matter were in thermal equilibrium in the early Universe, the annihilation cross section would determine the relic density in the Universe today. A velocity averaged annihilation cross section of σ A v th ∼ few × 10 −26 cm 3 s −1 is required in order to produce the relic abundance of Ω DM ∼ 0.2. However, it is not necessary for DM to be a thermal relic, in which case both (significantly) larger or smaller cross sections are possible. Regardless of the thermal history, σ A v controls the annihilation rate in DM halos in the Universe today, thus determining the size of detectable signals emanating from regions of DM concentration. It is these annihilation fluxes that potentially permit the technique of indirect detection of dark matter.
Recent cosmic ray positron/electron data from a number of experiments have led to much excitement about indirect DM detection. Anomalies in the cosmic ray positron spectra have been reported by the PAMELA, Fermi and HESS experiments, implying an apparent excess of positrons beyond those due to conventional astrophysical processes. PAMELA [4] has observed a rise in the e + /(e − +e + ) flux at energies above approximately 10 GeV, while recent data from Fermi LAT [5] and HESS [6] show an excess in the (e − + e + ) flux up to and beyond 1 TeV, respectively. (ATIC [7] and PPB-BETS [8] observed a similar excess, however, with considerably higher uncertainty than Fermi.)
The explanation of these positron excesses is far from clear, and, in light of these, researchers have been motivated to examine or re-examine conventional cosmic ray interaction [9] and propagation models [10, 11] , acceleration of e + e − in cosmic ray sources [12] [13] [14] , electron and positron emission from supernova remnants [15, 16] , and the production of positrons by pulsars [17] [18] [19] [20] [21] [22] [23] [24] . As an alternative to conventional astrophysical mechanisms, it has also been speculated that DM annihilation or decay in the Milky Way may be the source of the excess electrons and positrons.
Many authors have proposed models in which electron and positron fluxes arise from DM annihilation [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] or decay [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] , either directly or indirectly. (See also, Ref. [54] and references therein.) Note that, in contrast to the positron data, the PAMELA antiproton/proton observations do not indicate an anomalous contribution [57] . 1 Therefore, DM models which feature significant hadronic annihilation modes are constrained, while leptonic channels are preferred. How-ever, in order to account for the observed positron spectra, σ A v must be significantly enhanced above the expected thermal relic value. Such an enhancement could be of astrophysical origin, e.g., a boost due to significant substructure throughout the halo or a local clump of dark matter [58, 59] . Alternatively, it could be of particle physics origin, e.g., a Breit-Wigner resonant enhancement [60] [61] [62] [63] or the Sommerfeld effect (see, e.g., Refs. [25, 26, 64, 65] ) in which low velocity annihilation (i.e. in Galactic halos) is enhanced while early Universe freeze-out is affected to a lesser degree [66] [67] [68] [69] .
Several techniques may be used to constrain the production of e + and e − within Galactic halos, all of which rely on other accompanying observational signals. Charged particle production in a halo is necessarily accompanied by photon signals, including gamma rays, Xrays, microwaves and radio waves. These signals are produced via the various energy loss processes that charged particles undergo, examples of which include synchrotron emission in Galactic magnetic fields, inverse Compton scattering of electrons from interstellar radiation field, and bremsstrahlung. Charged particle production is also accompanied by internal bremsstrahlung radiation [70] [71] [72] [73] [74] , which is an electromagnetic radiative correction, and is not due to interaction in a medium.
In this work, we shall use the electron energy loss processes to derive constraints on σ A v . Annihilation channels we consider include both direct production of monoenergetic e ± , and channels in which a spectrum of secondary e ± are generated via decays of primary annihilation products, such as qq. Note that, given their identical distributions and radiative signatures (at the energies under consideration), we shall imply both electrons and positron when we refer to "electrons" in this work, unless explicitly noted otherwise. Our analysis is distinguished from previous work in this area by the use of a new synthesis [75] of existing Galactic center radio data which allows us to derive particularly sensitive constraints. In addition, we make a careful study of the interplay of various energy loss processes, and show that a combination of different techniques leave our final bounds relatively insensitive to uncertainties in magnetic field amplitude.
A number of astrophysical uncertainties enter our calculations. As with all indirect detection analyses, we have a sensitivity to the assumed dark matter halo density profile. In addition we are subject to uncertainties in the Galactic magnetic field amplitude, the background light density, and the gas density. Variation in the assumed magnitudes of these parameters alters the proportion of electron cooling that takes place via the various energy loss processes. Higher magnetic field strengths, for example, lead to greater synchrotron losses, while higher background light density leads to more inverse Compton scattering. However, while the astrophysical assumptions control the relative importance of the various electron energy loss processes, the eventual total energy loss is a constant. (Note that, as we show below, relativistic electrons in the GC lose their energy -via whatever exact combination of processes -before they are transported out of the region.) Therefore, while constraints from a single process (say, synchrotron radiation) are individually quite uncertain, we show that the combined constraints derived using all energy loss processes are robust and feature only mild dependence on these astrophysical parameters.
This paper is structured as follows: in section II we discuss the radio and γ-ray data which provide the empirical constraints on the various DM models we test. We also describe the physical environment at the GC (magnetic field, ambient hydrogen number density) which determines how the cooling and subsequent radiation from relativistic electrons proceeds and the DM profiles we investigate. Section III describes the distribution of electrons putatively injected by DM annihilations and explains how this injection spectrum is shaped into a steady state distribution by the various cooling processes. We also set out here our calculation of the radio and γ-ray emission by these steady state electron distributions. In section IV we compare predicted emission from DM annihilation (parameterized in terms of DM particle mass and velocity averaged cross section) against empirical data and delineate the regions of parameter space we can thereby exclude. We also compare our results with bounds existing in the literature. Section V contains our concluding remarks.
II. ASTROPHYSICAL INPUTS

A. Radio Data
LaRosa et al. [76] observed a discrete but diffuse, nonthermal radio source (DNS) covering a roughly elliptical region around the Galactic centre (GC) of extent 3
• semimajor axis (along the Galactic plane) and 1
• semi-minor axis between 74 and 330 MHz. This angular region corresponds, more-or-less, to the usual definition of the Galactic nuclear bulge [77] . Subsequently, the work of Crocker et al. [75] assembled archival, interferometric and singledish radio data that demonstrates that the DNS radio structure is evident at frequencies up to 10 GHz and has a non-thermal radio spectrum over the full 74 MHz -10 GHz range of the data (see Fig. 1 for the spectrum and refer to Table I for references and other pertinent information on each radio datum). It should be noted though that, significantly for the purposes of Crocker et al., the spectrum of the DNS can not be described as a pure power law, but rather exhibits a spectral downbreak at about a GHz. For a full account of the radio data processing and analysis supporting this conclusion the reader should refer to [75] , but we repeat a number of particularly relevant points below.
We also consider the constraints that arise from radio spectrum of the smaller region defined by |l| < 0.8
• and |b| < 0.3
• . We refer to this as the HESS region, as it corresponds to a region for which the gamma ray intensity is reported by the HESS collaboration. Radio data at 74 MHz [76] were obtained by the Very Large Array (i.e., an interferometer), while data at all higher frequencies come from single dish instruments.
(Because of the problem of free-free absorption along the line-of-sight to the GC [76] we do not employ the 74 MHz datum as a constraint in our fitting below. At higher frequencies, because of the ∝ ν −2.1 dependence of the free-free optical depth, absorption by this process is not a significant factor.) The radio flux at every frequency under consideration has or might have contributions from i) synchrotron emission by cosmic ray electrons along the line of sight, i.e., both in front of and behind the GC along the Galactic plane; ii) synchrotron emission by cosmic ray electrons gyrating in the GC itself; iii) discrete, astrophysical sources in the GC and along the line-of-sight (these include optically thin and optically thick thermal bremsstrahlung emitters and those with non-thermal spectra); iv) diffuse, large scale HII regions (i.e., regions of ionized atomic hydrogen that produce thermal bremsstrahlung); and v) (possibly and as investigated in this paper) relativistic electrons and positrons injected following annihilation or decay of putative DM particles.
As detailed in Ref. [75] , the contribution of discrete sources (taken to be emission on angular scales 1.2 • ) can be measured in the single dish data by Fourier analysis. (At 330 MHz the contribution of discrete sources was measured directly with the VLA [76] ). This discrete source contribution is at a < 20% level at all frequencies under consideration and has been removed from every radio datum we use in our analysis. Otherwise, we remove no other astrophysical contribution and, in considering possible limits on synchrotron emission by relativistic electrons and positrons injected by DM annihilation or decay, we take the conservative approach [82] of requiring that predicted synchrotron emission be no larger than 3σ above any radio datum. 
B. Gamma-Ray Data
In addition to synchrotron radiation, bremsstrahlung and (sub-dominantly) inverse Compton (IC) emission will inescapably be generated by any relativistic electron population given the presence of background gas (mostly molecular hydrogen) and the GC's background light field. Electrons with GeV scale energies produce both bremsstrahlung photons of approximately 100 MeV and synchrotron radiation at GHz frequencies (given the range of magnetic field amplitude that is physically plausible for the GC; see below). This means that γ-ray observations by the EGRET instrument (onboard the Compton Gamma-Ray Observatory) are particularly complementary to the radio data introduced above, as both signals are produced by electrons of the same energy. Finally, additional γ-ray photons are also generated from neutral meson decay in any scenario involving quark-pair production in DM annihilation and bothqq and e + e − scenarios generate internal bremsstrahlung γ-rays.
EGRET Data
We claim a conservative upper limit to the integral gamma ray intensity from the DNS region. This is obtained from Figs. 2(c) and 2(d) of Hunter et al. [84] which, when combined, show a pedestal in the super-300 MeV intensity of ∼ 3 × 10 −4 cm −2 s −1 sr −1 , averaging over |b| < 2
• and within the longitude defined by |l| < 30
• . Given that the DNS region is much smaller in extent (in longitude) than the pedestal, and that there are no structures evident in these longitude-dependent intensity plots on the scale of the DNS, we estimate an upper-limit to any exotic contribution to the intensity in the DNS region at the level of twice the largest actual excursion in the intensity above the pedestal value, viz. 1 × 10
We are confident that a more detailed analysis would produce a more stringent constraint. In any case, results pertaining to the region from the Fermi (GLAST) telescope are eagerly awaited.
HESS Data
Similarly, bremsstrahlung and IC emission by the higher energy members of the electron population will generate ∼TeV gamma rays (as will internal bremsstrahlung and, where applicable, neutral meson decay). The differential intensity in this energy range may be compared with the (conservative) upper limit obtained from observations by HESS [83] . This instrument has detected diffuse emission over the approximate energy range 300 GeV -10 TeV and over the smaller solid angle defined by |l| < 0.8
with only limited and dimmer diffuse emission detected outside this region but within the DNS field. The HESS data analysis does, however, include a background subtraction from a nearby region, and this must be accounted for in our analysis [74, 85] . Because of this background subtraction, in the case of an NFW profile, a DM scenario may predict an absolute flux of γ-rays at TeV energies and within the HESS field up to 2 × the observed ∼TeV intensity. For the isothermal profile, on the other hand, because of the very flat distribution and the consequently very small relative difference in γ-ray intensity predicted for the HESS region and the background region, no competitive constraint is proffered by the ∼TeV data at all (and we, therefore, do not plot TeV γ-ray constraint curve for this profile).
C. Ambient Environment
Gas Density
Over the DNS region, the volumetric-average hydrogen number density can be calculated to be about 13 cm −3 on the basis of the data presented in Ref. [77] 2 . Much of this density can be ascribed to molecular hydrogen found at very high number density (> 10 3.5 cm −3 ) but small filling factor (< 0.01) in the cores of the unusually-dense, Galactic center molecular cloud population [77, 86] . Quite possibly electrons impinging from outside the dense molecular material may be excluded from it [87] [88] [89] . Excluding this very high density phase (n H > 10 3 cm −3 ) but including hydrogen in relatively low density molecular hydrogen, atomic hydrogen (HI) and 'warm' ionized hydrogen (H + ) one finds a minimum (path-integrated) n H for a DNS electron of ∼ 2.7 cm −3 and ∼ 23 cm −3 . We adopt these values in our calculations henceforth. (The putative 'very hot', plasma phase of the DNS, that would have a filling factor of ∼ 85%, would have lower number density than this. However, relativistic electrons would not be trapped in this phase [90] and, in any case, the existence of this phases has recently been thrown into considerable doubt: see below.)
Galactic Magnetic Field
The amplitude of the GC magnetic field remains uncertain by about two orders of magnitude.
• On the basis of the 74 and 330 MHz observations of the DNS (nuclear bulge) introduced above, LaRosa et al. [76] use the equipartition argument to suggest that the field on DNS size scales is only around 6 µG -very similar in amplitude to that typical for the Galactic disk -climbing to only about 10 µG over the inner 1.
• 6 along the Galactic plane. (Coincidentally, the region over which the HESS collaboration measures a diffuse ∼ TeV γ-ray intensity [83] .) These smaller field amplitudes have recently received support from rotation measures to external galaxies close to the GC [91] .
• A rather stronger field over the DNS region is suggested by the work of Spergel and Blitz [92] who note that the putative "very hot" (8 keV) X-ray emitting plasma found throughout the GC [93] and the unusually dense and turbulent molecular gas might be in pressure equilibrium (implying near equipartition between these ISM phases). In analogy with conditions local to the solar system [94] , it might then be expected that the magnetic field also contribute a roughly equal pressure requiring it to have about 100 µG amplitude. The existence of the very hot plasma has recently been cast into extreme doubt, however, with the apparently diffuse X-ray emission being, it is contested [95] , essentially ascribable to unresolved, point X-ray sources. This would essentially nullify the Spergel and Blitz argument.
• Finally, (coincidentally or not) over the HESS field, radio observations of the 'non thermal filaments' (synchrotron-emitting radio structures, unique to the inner Galaxy, that run essentially perpendicular to the Galactic plane) suggest that the ambient field might be as strong as 1 mG [96] [97] [98] .
The situation regarding the GC magnetic field is entirely unclear, therefore. Recently this argument has been joined by Crocker et al. [75] . On the basis of a simultaneous analysis of the higher-frequency part of the radio spectrum of the DNS radio structure and ∼ GeV γ-ray data covering the same region (i.e., the very data described above), these authors have recently claimed a probable value for the magnetic field in this region of 100 µG with a lower limit (at 95% confidence) at 50 µG. However, we cannot selfconsistently assume this result holds for the purposes of the current paper. The analysis in Crocker et al. assumes that the observed radio emission from the DNS region can be attributed to "conventional" astrophysical electrons governed by a pure power law at injection, and that any spectral features detected in the observed spectrum arise in the cooling of the injection spectrum (which is initially featureless). If we allow for the possibility that DM makes an additional contribution to the electron injection spectrum, the kinematics of DM annihilation allows for the possibility of spectral features in the injection spectrum of the in situ electron population, so the assumption of Crocker et al. that cooling alone introduces spectral features does not necessarily hold. (E.g., one can find a fit acceptable at better than 2σ confidence to the radio spectrum invoking synchrotron emission by a population of relativistic electrons injected following the annihilation of dark matter particles with a mass ∼ 30 GeV and assuming the quark hadronization spectrum given below. We certainly do not claim this as a detection!) This implies we cannot self-consistently adopt the magnetic field strength inferred in Ref. [75] in this work.
Given the uncertainties explained above, in this paper we investigate DM constraints across the whole range of magnetic field amplitudes supported by the existing literature, which we take to be 10 -100 µG for the DNS region and 10 -1000 µG for the HESS diffuse flux region defined above. However, as we demonstrate below, radio and γ-ray data offer complimentary constraints over this range: radio data provide the more severe restriction on σ A v for strong fields, while γ-ray data are more constraining for weak fields (because, in the latter case, there is less synchrotron suppression of the high-energy electrons required for IC up-scattering of ambient light into ∼GeV and ∼TeV energy ranges).
D. Dark matter distribution
We employ the usual Navarro-Frank-White (NFW) distribution [99] 
where ρ h = 0.572 GeV cm −3 and r h = 14 kpc. The above implies a volumetric-average DM density of 3.6 × 10 over the HESS region. We employ these volume-average quantities in our calculations (given we assume a onezone model).
We also investigate limits in the case that the DM distribution follows a truncated isothermal profile. Here we assume the parametrization presented in Ref. [82] following Ref. [100] :
where ρ s = 1.16 GeV cm −3 and r s = 5 kpc.
III. DARK MATTER SIGNALS
A. Dark matter annihilation and primary electron spectrum
In typical models with weakly-interacting massive particles (WIMPs), the DM masses fall in the GeV-TeV range, while the DM annihilation cross section is given approximately by the thermal relic value of σ A v th ∼ few × 10 −26 cm 3 s −1 . However, the DM self annihilation cross section can be much smaller if coannihilations play a significant role in determining the WIMP freezeout density, as occurs in many supersymmetric DM scenarios. Conversely, the Sommerfeld effect can boost the self annihilation cross section relevant for galactic halos in the Universe today, effectively resulting in values much larger than the thermal relic expectation. Moreover, if dark matter was populated via some non-thermal mechanism, σ A v th is not relevant to the presently observed average abundance. It is thus appropriate to take σ A v to be a free parameter, spanning a wide range of possible values. Likewise, we shall also take the DM mass to be a free parameter. (Indeed, masses above 1 TeV have been considered in light of recent cosmic ray positron results and data from Fermi LAT.) We shall consider two DM annihilation processes: 1. χχ →qq and 2. χχ → e + e − .
χχ →qq
Annihilation toqq is taken as a representative prototype of many DM models, as the resulting electron energy spectrum is a good approximation to that for many annihilation channels. For example, the annihilation spectrum for a specific supersymmetric WIMP candidate may be calculated with the DarkSUSY package [101] . However, the annihilation channels χχ →qq, ZZ, W + W − all lead to essentially the same electron energy spectrum (while the electron energy spectrum resulting from χχ → τ + τ − is significantly different). Note that for annihilation to ZZ, W + W − , andqq, hadronization or decay of the primary annihilation products leads, via charged pions and muon intermediaries, to positrons and electrons with a broad spectrum of energies.
For simplicity, we shall assume full annihilation intō qq. For this channel, e − and (e + ) will be produced by decaying muons (anti-muons) produced in charged pion decay. The resulting e + + e − spectrum can be written, following Borriello et al. [102] , in a simple polynomial form of the ratio E e /m χ c 2 :
where
2 , 2, 3} and the coefficients a j are listed in Table II taken from [102] .
This analytical expression is a reasonable approximation for E e > ∼ 1 GeV. At low energies the analytical expression from [102] has an asymptotic behaviour ∝ E −1.5 e while the kinematics of the charged meson and muon decay chains mean that the actual spectrum has a lowenergy cut-off. Because of the large magnetic fields we sample, our calculated radio flux from synchrotron emission is potentially sensitive to this effect at the lowest frequencies considered (cf. [102] ). We therefore explicitly introduce a cut-off by patching on a numerical description of the low-energy spectrum we have previously obtained [87] in the context of a numerical treatment of secondary electron production from hadronic cosmic ray interactions (where identical kinematical considerations come into play) to Borriello et al.'s distribution. We shall also consider direct annihilation to monoenergetic electrons, for which the electron energy spectrum per annihilation is simply given by dN e dE e (E e ) = 2δ(m χ − E e ).
Note that the injection electron spectra differ from the steady state electron spectra due to the action of electron cooling, as discussed below.
B. Steady-state electron distribution
The injection spectrum of electrons produced in the Galaxy, at position r, as a result of Dark Matter annihilation is In general, the injected electrons loose energy interacting with the interstellar medium and move away from the production site. Both these broad processes lead to modifications of the shape of the injection spectrum. If, however, the transport timescale is much longer than the cooling timescale for electrons in the relevant energy range one is in the so-called "thick-target" regime in which case the steady-state (cooled) electron distribution can be written as
Ee dE e Q(E e , r)
where dE e (E e )/dt is the cooling rate, resulting from the sum of several energy loss processes that affect electrons (described immediately below). We show in the Appendix that we are justified in adopting the thick target regime for the GC environment.
C. Electron cooling processes
In the GC environment four cooling processes are potentially important for charged leptons with energies such that they radiate at radio and γ-ray wavelengths (electrons and positrons suffer essentially identical energy losses over the relevant energy scale and are treated identically). These processes are dominantly (from low to high energy) ionization, bremsstrahlung, and synchrotron and/or IC emission. We show the cooling timescales, as a function of electron (or positron) energy, in Fig. 2 for plausible GC environment parameters. In Fig. 3 we show examples of the shape of the injected electron (and positron) spectrum together with the steadystate electron distribution after cooling. 
D. Radiative Processes
Of the cooling processes listed above, all except ionization lead to potentially-observable signatures at radio and γ-ray wavelengths. The amount of cooling that takes places via either radio or gamma ray emission -and the constraints derived on the basis of that channel -depend on assumptions made about the astrophysical inputs. We calculate separate constraints from radio and gamma ray emission, in each case choosing astrophysical inputs conservatively. In particular, for the hydrogen density, n H , we conservatively choose a value which leads to smallest observational signal for each process considered. The magnetic field strength is left as a free parameter to be varied, and we shall demonstrate the our final results are relatively insensitive to this parameter. In contrast, we fix the ambient hydrogen number density to be the appropriate minimal value set out in §II C 1 (given the consideration that most of the ambient gas is 'locked-up' in molecular cloud cores of very high density but extremely low filling factor). We describe our treatment of each radiative process below. Representative γ-ray spectra from each of the relevant process (for a m χ = 1 TeV DM mass and σ A v = 10 −26 cm 3 s −1 , with a Borriello et al. [ 102] e ± spectrum) are shown in fig.4 .
Synchrotron
We use standard formulae [103] to calculate the radio emissivity of relativistic electrons (and positrons) in the Galactic center magnetic field.
Bremsstrahlung Calculation
We use standard formulae (see Ref. [104] , p. 84 et seq.) to calculate the bremsstrahlung emissivity of relativistic electrons (and positrons) in the Galactic center environment.
Inverse Compton Calculation
For inverse Compton cooling and emission calculations we assume the full interstellar radiation field determined for the inner 500 pc of the Galaxy in [105] . This has an energy density around 19 eV cm −3 . We calculate the Compton scattering emissivity of relativistic electrons using the full Klein-Nishina cross section set out in section 2.3.3 of Ref. [106] . For the minimal n H value we assume, the integrated energy flux (100 MeV+) from IC emission is about 70% as large as the bremsstrahlung energy flux.
Gamma-rays from neutral meson decay
For DM annihilation intoas investigated by Borriello et al., a γ-ray signal from the decay of neutral mesons produced in quark hadronization is inescapable. The contribution of this process is often dominant for relevant energies and environmental parameters (see fig. 4 ). We employ a parameterization of the numerical results of Bergström et al. [107] for the γ-ray spectra produced by quark hadronization following annihilation of 500 GeV neutralinos (displayed in the their figure 12 and parameterized in terms of the scaling variable x ≡ E γ /m χ ). A representative distribution is that following uū production:
We also assume a branching ratio of 100% into the maximally massive quark pair allowable given the DM mass (which means either bb or tt over the range of m χ we explore).
Gamma-rays from internal bremsstrahlung
DM annihilation to any charged particles is necessarily accompanied by internal bremsstrahlung (IB) radiation [70] [71] [72] [73] [74] . This is an electromagnetic radiative correction, and not to be confused with the regular bremsstrahlung considered in this paper. IB produces hard gamma rays up to the dark matter mass, with an approximately model-independent spectrum, largely free from both particle and astrophysics uncertainties. For the (sub-dominant) contribution of internal bremsstrahlung , with a Borriello et al. [102] e ± spectrum, a plausible ambient field of 100 µG, and an ambient hydrogen number density of ∼ 3 cm −3 . Curves are: (blue, solid) inverse Compton; (purple,dashed) bremsstrahlung; (yellow,dotted) neutral meson decay (following hadronization); and (green, dot-dash) internal bremsstrahlung.
we employ the parameterization of Refs. [71, 74] :
where s = 4m Figures 5, 6, 7 and 8, display the bounds we obtain for the annihilation cross section, as a function of DM mass. We show results corresponding to our four main scenarios, namely, the χχ →qq and χχ → e + e − processes, for both NFW and isothermal DM halo profiles. For each scenario, we show how the constraints depend upon the assumed magnetic field strength within the plausible range 10 − 100µG.
Neglecting the ∼TeV γ-ray constraints for the moment, in each scenario investigated γ-ray data is the most constraining at low magnetic field amplitude, and radio the best at high. Adjusting the magnetic field amplitude alters the proportion of electron cooling that occurs via synchrotron emission. Thus, for low (high) B amplitude the radio flux is less (more) constraining. The total energy loss of the electron population is controlled by a combination of the available cooling mechanisms, such that reducing the amount of cooling taking place by synchrotron emission leads to relatively more gamma rays emission via bremsstrahlung and inverse Compton scattering. (Note that any individual electron must eventually loose all its energy via one mechanism or another, and it is impossible for this energy loss to occur without the production of detectable signals.) Therefore while the radio constraints, considered alone, are quite sensitive to the assumed magnetic field strength, our final results, being the strongest of either the radio or gamma constraints at a given B amplitude, are much less sensitive to the assumed value of B.
For the NFW profile, we find that the ∼TeV γ-ray constraint invariably becomes the best for larger values of m χ . (As remarked above, because of the background subtraction procedure, TeV γ-ray data does not proffer a competitive constraint for relatively flat profiles like the isothermal). The ∼TeV γ-ray constraint curve is highly structured as a result of it being a comparison between predicted and observed differential γ-ray intensities at the nine separate energies the HESS collaboration has listed starting at ∼300 GeV in concert with the three (for e + e − ) of four (forqq) γ-ray production mechanisms and their different thresholding effects with respect to the m χ parameter. A somewhat similar effect -though less pronounced is see in the radio constraints. In contrast, the EGRET γ-ray constraints (taken above a single photon energy of 300 MeV in the integral intensity) define a fairly smooth constraint for each scenario whereas .
In Fig. 9 we compare the best constraint obtained (from any modality except for ∼TeV γ-rays) for plausible magnetic field values, namely 10, 30, 100, 1000 µG. We see that the best constraint on σv varies by a factor of < 10 as B is varied from 10-100 µG. (This is to be compared with a larger variation in the radio constraint alone of ∼ 30.) Therefore, when considered in totality, the γ-ray and radio data conspire to generate constraints on DM mass/annihilation cross section that are roughly constant across the reasonable range of astrophysical parameters (in particular, magnetic field amplitude). For larger magnetic field amplitude (i.e. B = 1000µG, which is at the upper end of the astrophysically plausible range) synchrotron emission dominates the cooling, and somewhat stronger constraints are obtained. This occurs because the field has become strong enough that the GHz range synchrotron-radiation is sampling lower energy (and therefore more numerous) electrons.
Comparing the figures for the NFW and isothermal profiles (e.g. Fig. 5 with Fig. 7 , or Fig. 6 with Fig. 8 ) it is evident that the exclusion curves for the NFW profile are always much more constraining than for the corresponding isothermal scenario. This is due to the high central DM density of the strongly peaked NFW profile, in comparison with the low central DM density of the flatter isothermal profile Likewise, the radio observation of the HESS region (small solid angle at the GC) provide more stringent con- 
FIG. 5:
Exclusion contours for the DM annihilation cross section assuming a χχ →qq annihilation channel (with a Borriello et al. [102] e ± spectrum) and an NFW DM profile, obtained from DNS radio data (red, solid), HESS region radio data (blue, dotted), DNS region ∼300 MeV γ-ray data (green, dashed), and HESS region ∼TeV γ-ray data (orange, dot-dashed). Relevant γ-ray production processes are neutral meson decay, bremsstrahlung, inverse Compton emission, and internal bremsstrahlung. Results are displayed for three Galactic magnetic field amplitudes within a plausible range (a) 10 µG, (b) 30 µG and (c) 100 µG. 
FIG. 6:
Exclusion contours for the DM annihilation cross section, assuming a χχ → e + e − annihilation channel (mono-energetic e ± spectrum) and an NFW DM profile, obtained from DNS radio data (red, solid), HESS region radio data (blue, dotted), DNS region ∼300 MeV γ-ray data (green, dashed), and HESS region ∼TeV γ-ray data (orange, dot-dashed). Relevant γ-ray production processes are bremsstrahlung, inverse Compton emission, and internal bremsstrahlung. Results are displayed for Galactic magnetic field amplitudes (a) 10 µG, (b) 30 µG and (c) 100 µG.
straints than the radio observations of the DNS region (larger solid angle) for the peaked NFW profile. For the isothermal profile, however, we have something of the opposite situation: the radio bounds for the DNS regions are often more constraining than those for the HESS region. This can be understood since, for the flat isothermal profile, the average DM density is approximately the same for both regions, while the radio background for the DNS region is lower than for the HESS region.
With the exception of the HESS ∼TeV γ-ray constraint, theqq injection scenario tends to generate somewhat tighter constraints than the monoenergetic e + e − spectrum, for all values of m χ larger than ∼ 100 GeV. In theqq case, electrons and positrons are injected as secondaries from meson decay following quark hadronization. Therefore, a single χχ →qq interaction produces more electrons and positrons (though of much lower energy) than for the monoenergetic χχ → e + e − case, and thus generally tighter limits. In addition, the production of γ-rays from neutral meson decay, leads to strong MeV gamma ray limits in the case ofqq. At the lowest energies (below ∼ 100 GeV), the e + e − radio limits surpass those forqq, due to the higher average energy of the injection spectrum. 
FIG. 8:
Exclusion contours for the DM annihilation cross section assuming a χχ → e + e − annihilation channel (mono-energetic e ± spectrum) and an Isothermal DM profile, obtained from DNS radio data (red, solid), HESS region radio data (blue, dotted), and ∼ 300 MeV γ-ray data (green, dashed). [For such a flat profile the ∼TeV data do not offer a competitive constraint: see the text.] Results are displayed for Galactic magnetic field amplitudes (a) 10 µG, (b) 30 µG and (c) 100 µG.
B. Comparison with previous results
A number of previous works have considered DM annihilation corss section constraints obtained from Galactic radio and γ-ray data. While our analysis is complementary to these prior studies, distinguished by the use of different GC radio data, it is useful to compare the strength of the limits obtained on σv :
1. Of recent work, the most immediately comparable to ours -as discussed above -is that of Borriello et al. [102] whose NFW profile and electron injection spectrum we adopt (for the χχ →qq process). Our results are at least one order of magnitude and up to two orders of magnitude better than those obtained by these authors. The constraints of Borriello et al. are obtained from consideration of allsky radio data at frequencies between 100 MHz and 23 GHz. These authors, however, specifically exclude a 15
• × 15
• patch of sky centered on the GC (because their calculations are performed in the limit that only synchrotron cooling is important in shaping the steady state electron distribution and -as discussed at length above -in the higher gas densities near the GC, this will no longer be true given the consequent importance of ionization and bremsstrahlung). His analysis relies on astrophysical foregroundsubtracted data that putatively reveals a residue, unexplained "haze" [110] at all three WMAP frequencies on scales out to about 20
• from the GC (and absent elsewhere). The Hooper analysis, then, is intrinsically less conservative than the radio analysis presented here where we do not attempt such subtraction (except for discrete sources in the field which can be unambiguously identified on angular size grounds). While Hooper's constraints are particularly strong, some of the astrophysical assumptions adopted may be too optimistic. In particular he assumes a constant 10 µG field and constant 5 eV cm −3 interstellar radiation field energy density over the 30
• angular region he investigates, the former being rather stronger and the latter rather weaker (at least towards the GC) than assumed by other authors [102, 111] . Grajek et al. [111] consider the same (foreground-subtracted) WMAP data investigated by Hooper. Assuming a rather weaker (and spatially-varying) magnetic field and a rather smaller ratio U B /(U B + U rad ) ∼ 0.1, these authors find correspondingly weaker constraints on the annihilation cross section, which we surpass. (Note that the W + W − annihilation channel considered by Hooper and Grajek results in a very similar electron injection spectrum to theqq channel we consider.) 3. Finally, Bertone et al. [82] and Regis and Ullio [112] both also consider constraints arising from multiwavelength observations of the GC, including radio and γ-rays. These papers tend to focus on observations on much smaller angular scales around the super massive black at the Galactic dynamical center than investigated here. While some of the constraints (and projected constraints) derived are quite strong, on these small scales it is necessary to assume a particular model for the evolution of the magnetic field intensity (and the matter density controlling bremsstrahlung and ionization cooling). Such constraints are also particularly sensitive to the DM density at extremely small radii, which is highly uncertain.
We now compare with constraints derived using other techniques. For hadronic annihilation modes, constraints arising from the antiproton observations have been shown to be of comparable sensitivity to existing Galactic centre gamma ray and radio limits, e.g. Refs. [113, 114] , for some models. For the monoenergetic e + e − annihilation channel, pure IB constraints were derived in Ref. [74] . For the NFW profile, the IB constraints are very strong for 10 3 < ∼ m χ < ∼ 10 4 (these arise from HESS gamma ray data near the GC) whereas our new radio/gamma ray bounds are better at lower mass. (For an isothermal profile, the IB constraints arising from the HESS data would be considerable weaker.) Note that for masses above ∼ 10 TeV, bounds on the total annihilation cross section to all final states, derived using neutrino data, become most constraining [115] [116] [117] . For higher masses, m χ > ∼ 10 2 , TeV the unitarity bound on the total cross section becomes the most restrictive constraint [118] .
Turning now to non-Galactic based techniques, a number of authors have recently considered constraints arising from annihilation at high redshift. For example, Refs. [119] [120] [121] [122] [123] consider the effect of energy deposited by DM annihilation during the the reionization and recombination epochs. (Note that these techniques are complementary to those we consider here, being subject to quite different assumptions and systematics.) For an NFW profile and an e + e − annihilation channel the reionization limits are broadly comparable to the constraints we have derived here, with the boost factor required to be < ∼ 10 at m χ ∼ 100 GeV.
V. SUMMARY AND CONCLUSIONS
We have considered DM annihilation in the Galactic center, for scenarios in which annihilation leads to the production of relativistic electrons and positrons. Using signals arising from electron energy loss processes, namely synchrotron emission, bremsstrahlung and inverse Compton scattering (and, where appropriate, those due to neutral meson decay and internal bremsstrahlung), we have derived robust constraints on the velocityaveraged DM self annihilation cross section σv . The processes considered were χχ → e + e − which produces monoenergetic e ± , and χχ →qq, in which a spectrum of e ± are generated via the charged pion decay chain. (The constraints for the later channel are expected to be very similar to those for other interesting final states, such as W + W − and ZZ.) We have demonstrated that a combination of radio and gamma ray bounds is relatively insensitive to the assumed magnetic field amplitude within a plausible range, with the constraint on σv varying by a factor of < 10 as B is varied from 10 -100 µG. (Taken alone, the radio and gamma rays bounds are individually quite sensitive to the assumed magnetic field amplitude.) Our analysis is distinct from previous work in this area by the use of a new synthesis of Galactic center radio data assembled in Ref. [75] .
Our constraints on velocity-averaged DM annihilation cross sections are conservative as we (i) do not remove (known) astrophysical contributions to the radio emission and (ii) do not include a contribution to the total radio emission from DM annihilation electrons and positrons along the line-of-sight but out of the GC.
Despite these conservative assumptions, our results are at least one order of magnitude and up to two orders of magnitude better than the most directly comparable previous limit (obtained by Borriello et al. for the same DM distributions and electron injection spectrum, but considering all-sky radio fluxes). Moreover, our constraints rule out a sizable portion of the parameter space that has been invoked to explain the various positron anomalies. (See, e.g. Refs. [122, 124] for recent determinations of the PAMELA/Fermi perferred regions.)
For an NFW profile and a χχ →qq annihilation process, we find the allowed boost factor is < ∼ 1 at 10 GeV and < ∼ 100 at 1 TeV. For χχ → e + e − , the allowed boost factor is < 1 at 10 GeV and < 1000 at 1 TeV. Note that these constraints apply to boost factors generated via whatever mechanism, be it a Breit-Wigner resonance, the Sommerfeld effect, or an enhancement due to DM substructure 3 .
